A complete image of the helical arrangement of cellulose ®brils in the S2 layer of adjacent wood cells of Picea abies (Norwegian spruce) was obtained by applying position-resolved synchrotron X-ray microdiffraction on cells in cross section. In contrast to conventional ®ber diffraction studies, the incident beam was parallel to the longitudinal cell axis, resulting in a glancing angle " far from 90 with respect to the cellulose ®brils. This special choice of diffraction geometry allowed us to take advantage of an asymmetry effect in the two-dimensional diffraction patterns arising from the curvature of the Ewald sphere to obtain information on the local orientation of the cellulose ®brils. The small size of the beam, smaller than the thickness of a single cell wall, allowed mesh scans over intact transverse sections of adjacent wood cells with a microscopic position resolution. The scan yielded a map of diffraction patterns that could readily serve as a microscopic image. Each of the diffraction patterns was then used to evaluate the local orientation of the cellulose ®brils at the actual beam position. The combination of these results gave an image of cellulose ®brils forming (Z) helices in several adjacent wood cells.
Introduction
X-ray scattering methods (diffraction and small-angle scattering) are well known to be powerful tools for the determination of the nanostructure of biological materials such as bone or wood. However, one of the main challenges when investigating biological materials with scattering techniques is their hierarchical structure and the resulting inhomogeneity. The investigation of local variations of the nanostructure requires positionresolved scattering techniques (Fratzl et al., 1997; Riekel et al., 1997) , the position resolution being limited by the size of the incident X-ray beam. Using conventional Xray sources, the beam diameter is of the order of typically 0.1 to 1 mm. In the case of a material with a pronounced structure on the micrometre scale, this yields only averaged nanostructural parameters.
The X-ray microbeam obtained from a synchrotron radiation source with a recently developed focusing technique (Riekel et al., 1997) now allows extensive nondestructive scans with a position resolution of 2 mm. Using this technique, one may address new questions concerning the local nanostructure in hierarchical biomaterials such as wood.
On the microscopic scale, wood is a cellular material, consisting of tube-shaped cells with diameters of 20± 40 mm and lengths of the order of millimetres. The cell wall is organized in several layers, the largest one (S2) comprising 79±85% of the cell-wall volume (Fengel & Wegener, 1984) . On the nanometre scale, the wood cell wall is a ®ber composite consisting of an amorphous matrix and partially crystalline cellulose ®brils. In the S2 layer the cellulose ®brils are tilted with respect to the longitudinal cell axis by a sharply de®ned angle and trace a steep helix around the cell. The tilt angle (micro®bril angle) may vary considerably within one individual tree (see for example Preston, 1934; Sahlberg et al., 1997) . Using microscopic techniques, the helical orientation of the cellulose ®brils in the S2 layer has been found to be mostly right handed (Z helix) (see for example Meylan & Butter®eld, 1978) but also a lefthanded (S) helix has been reported (Jane, 1970; Panshin & De Zeeuw, 1970) .
Whereas X-ray scattering methods have been used successfully to determine average structural parameters such as the mean micro®bril angle (see for example Cave, 1997; Evans, 1994; Jakob et al., 1994 Jakob et al., , 1995 or the mean diameter of the cellulose ®brils (Heyn, 1955; Jakob et al., 1994) , they have up to now been inappropriate for the investigation of the helical orientation of the cellulose ®brils. The X-ray beam obtained from a conventional laboratory source always irradiated a number of complete cells. Thus, cell walls of all orientations contributed to the scattering signal and right-handed and left-handed helices could not be distinguished. This dif®culty may be overcome by using a beam diameter smaller than the cell-wall thickness.
In this paper we combine the microfocus technique with an unusual diffraction geometry for the positionresolved measurement of the local ®bril orientation in intact transverse wood sections. The determination of the local ®bril orientation is based on asymmetry effects in the diffraction patterns caused by the curvature of the Ewald sphere. In this paper we explain the experimental concept and present an application for the ®rst direct visualization of the trace of the cellulose ®brils around one complete cell and in adjacent cells.
Diffraction geometry
The position-resolved determination of the orientation of the cellulose ®brils requires the de®nition of the scattering volume in the specimen with a precision better than the beam diameter (2 mm). It is impossible, however, to keep the scattering volume the same when the sample is rotated. For this reason we have devised a method for determining the crystallographic orientation of the cellulose ®brils that avoids any specimen rotation. Following this method, a cross section of wood is placed perpendicular to the X-ray beam and diffraction patterns recorded in transmission. This geometry allows the successive irradiation of small sample volumes containing cellulose ®brils with approximately the same orientation and, thus, the investigation of adjacent wood cells without the need to prepare separate single cell walls (Fig. 1) . The information on the cellulose crystallite orientation is gained using the equatorial cellulose re¯ections. An asymmetry effect in the diffraction patterns may be used for the determination of the ®bril orientation, applying the following considerations.
The cellulose crystallites building up the cellulose ®brils in the wood cell wall are monoclinic with their c axis [indexing according to Gardner & Blackwell (1974) ] parallel to the ®bril axis. The strongest re¯ection is the 020 re¯ection, occurring in the equatorial plane (i.e. perpendicular to the longitudinal ®bril axis) at q = 1.6 A Ê À1 in reciprocal space; q is the scattering vector and q = |q| = (4%/!) sin , where ! is the wavelength of the incoming beam and 2 is the scattering angle. In the equatorial plane also additional relatively strong and, therefore, easy to observe re¯ections are found: 110 at q = 1.17 A Ê À1 and 11 Å 0 at q = 1.04 A Ê À1 . Their positions in reciprocal space are sketched in Fig. 2 . The cellulose crystallites are assumed to be randomly oriented about their crystallographic c axis. This assumption is essential for the following consideration and it is checked experimentally within the framework of this paper (see x3). Fig. 2 shows the smearing of the equatorial re¯ec-tions to re¯ection rings. Only two rings are drawn, because, due to the small crystallite size, the equatorial re¯ections are considerably broadened and the 110 and the 11 Å 0 re¯ection rings overlap. smaller than the thickness of a single cell wall. In this geometry, the tilt angle of the cellulose ®brils with respect to the beam simply corresponds to the micro®bril angle ". The sample volume irradiated by the beam is only a part of a single cell wall and, thus, contains mostly parallel cellulose ®brils. Here only two rings are drawn, because the 110 and the 11 Å 0 re¯ections overlap as a result of re¯ection broadening arising from the small crystallite size. In the case of a perfect alignment, the three re¯ections do not appear simultaneously in a single diffraction pattern, because the Ewald sphere does not intersect all the diffraction spots at the same time.
Qualitative description
In the case of cylindrical smearing of the equatorial re¯ections around the c axis, the observed diffraction pattern will, according to basic diffraction theory, correspond to an intersection of the Ewald sphere with concentric diffraction rings with radius q and center O, where O is the origin in reciprocal space. This situation is described qualitatively in Fig. 3 . The orientation of the cellulose ®bril is given by an angle " with respect to the direction of the incident beam (Fig. 3a) , and a vector a 9 denoting the orientation in the plane perpendicular to the incident beam, where 9 is the angle with respect to a ®xed direction perpendicular to the incident beam. The intersection of the equatorial re¯ection rings in the plane perpendicular to the ®bril axis with the Ewald sphere is shown in a three-dimensional sketch in Fig.  3(b) . The picture already shows qualitatively that the points of intersection A and B, are (i) symmetric about the ®bril orientation and (ii), due to the curvature of the Ewald sphere, nearer to each other in the direction opposite the ®bril orientation. This becomes more obvious in Fig. 3(c) , which shows the projection of the intersection points on a plane at right angles to the beam, yielding a diffraction signal at points A H and B H . The pattern is indicative for the orientation of the ®bril a 9 in the plane perpendicular to the beam. In the following section, these considerations are quanti®ed.
Quantitative description
In Fig. 4 the diffraction geometry for a scattering pattern as drawn in Fig. 3(c) is sketched. First, the points A and B are at a distance q from O, the origin in reciprocal space, where q is the length of the scattering vector of the corresponding Bragg re¯ection. Moreover, A, B and O are on the Ewald sphere, which implies that the angle between AN and AO must be equal to , 2 being the scattering angle. N is the normal projection of A or B on the beam direction. Since A, B and O are elements of the equatorial re¯ection plane, the triangle ABO is perpendicular to the cellulose ®bril (corresponding to the crystallographic c axis). As a consequence, the angle between OF and ON is 90 À ", where F is the center of AB and " corresponds to the micro®bril angle. Finally, de®ning as the angle between NF and NA (or NB, respectively), one obtains the following relations:
NF NA cos q cos cos Y NF ONa tan " q sin a tan "X It follows immediately that cos tan a tan "X 1
Note that the angle is de®ned with respect to NF, which corresponds to the direction Àa 9 = a 9+180 . Projecting the points of intersection A and B on a two-dimensional detector positioned in a plane perpendicular to the X-ray beam, gives signals at points A H and B H with coordinates (R, 1), where R is the radius in the detector plane given by R = D sin(2) and D is the sample±detector distance. The azimuth 1 in the detector plane where a diffraction signal occurs is given by 1 9 180 AE Y 2 where = arccos (tan /tan ") (see also Fig. 3c ). For < ", tan /tan " would become > 1 and there is no solution to equation (2). In other words, the Ewald sphere would not intersect the diffraction ring at all. If, on the contrary, was very small, would approach 90 and the scattering pattern would become symmetric about 180
. This would correspond to scattering in the small-angle regime where the curvature of the Ewald sphere is negligible. In an intermediate range of , however, will be <90 , owing to the curvature of the Ewald sphere, and the scattering pattern will be asymmetric (cf. Fig. 3c ). The scattering pattern was simulated numerically using equation (2). In this case, the orientation of the cellulose ®brils a 9 can be easily extracted from the scattering pattern.
Experimental

Sample preparation
Small cubes were prepared from Picea abies (Norwegian spruce). Radial slices were cut from these cubes and the mean micro®bril angles were determined by small-angle X-ray scattering (SAXS) using a laboratory source, as described by Jakob et al. (1995) and Reiterer et al. (1998) .
Latewood' with a ®bril angle of 20 with respect to the longitudinal cell axis was chosen for the determination of the helical orientation. Latewood is built in summer and exhibits a higher density due to cells with a thicker cell wall compared to`earlywood' grown in spring. The difference in density yields the characteristic annual ring pattern. Here, latewood was chosen because of the thicker cell walls, allowing easier positionresolved measurements of single walls. The cube containing the selected annual ring was embedded in polymethyl methacrylate. Cross sections of 10 mm thickness were cut out of the selected latewood using a microtome. The samples were mounted on copper grids for transmission electron microscopy.
For investigating the orientation of the cellulose crystallites around their c axis, additional samples were cut in the tangential direction out of latewood with ®brils running parallel to the cell axis. Having a thickness of 10 mm, they contained at maximum two adjacent cell walls.
X-ray microdiffraction experiments
X-ray diffraction measurements were carried out at the European Synchrotron Radiation Facility (Grenoble, France), beamline ID 13 (Microfocus). Fig. 5 shows the experimental setup schematically. The X-ray beam (wavelength ! = 0.78 A Ê ) was focused to a diameter of 2 mm by a glass capillary (Riekel et al., 1997) . A guard aperture (Pt±Ir, 10 mm diameter) reduced diffuse scattering from the capillary exit. The total¯ux at the sample position was of the order of 10 10 photons s
À1
. The X-ray source, the sample and the area detector Fig. 4 . Diffraction geometry. A and B are the two points of intersection between the equatorial re¯ection ring and the Ewald sphere. This means that the triangle ABO is tilted by 90 À " with respect to the incident beam (O is the origin in reciprocal space). According to Bragg's law, OA = OB = q and the angle between OA (respective OB) and NA (respective NB) is , where N is the normal projection of A and B onto the direction of the beam and 2 is the scattering angle. The angle between NA and NB is denoted by 2. F is the center of AB. a 9 corresponds to the vector de®ned in Fig. 3(a) and denotes the direction of the ®brils in the plane perpendicular to the incident beam. [image-intensi®ed charge-coupled device (CCD) detector] were positioned in one line with a sample± detector distance of 5.2 cm. The sample could be scanned in two orthogonal directions, perpendicular to the beam, with an accuracy of 0.1 mm. The beam position on the sample was selected using an online video microscope. The relation between the position as seen in the microscope and the exact beam position was calibrated using a standard sample. Recording one pattern took only 16 s, so the short time allowed us to carry out extensive mesh scans with a step size of 2 mm in each direction. In order to check the orientation distribution of the cellulose crystallites around the c axis, we performed a rotation experiment using tangential sections with vertically oriented cellulose ®brils. The sample was oriented with the macroscopic cell axis at right angles to the beam (conventional ®ber geometry) and rotated around this axis. The intensity ratio of the 020 and 110 + 11 Å 0 re¯ections was measured. Given the positions of these re¯ections in reciprocal space (cf. Fig. 2) , it is obvious that with a beam perpendicular to the ®bril axis the Ewald sphere cannot intersect all the re¯ections simultaneously, unless the re¯ections are cylindrically smeared around the c axis. A constant intensity ratio of the 020 and 110 + 11 Å 0 re¯ections is indicative of a truly random orientation about the c axis.
The cross sections prepared for the determination of the helical ®bril orientation were scanned in two orthogonal directions through the beam, and twodimensional X-ray diffraction patterns were recorded at each point. The beam was parallel to the longitudinal cell axis, and the tilt angle " of the ®brils with respect to the beam [equation (2)] was simply given by the ®bril angle. The beam was considerably smaller in diameter (2 mm) than the thickness of a single cell wall (about 5 mm) and thus hit only a part of a single cell wall at a time (Fig. 1) , ensuring that the irradiated sample volume contained mostly parallel cellulose ®brils.
Results and discussion
The preparatory rotation experiment using tangential sections in ®ber geometry yielded a constant intensity ratio of the 020 and 110 + 11 Å 0 re¯ections, indicating a random orientation of the cellulose crystallites about their crystallographic c axis. This is in accordance with a study by Revol et al. (1982) who found a cylindrical smearing of the equatorial cellulose re¯ections in Picea mariana (black spruce) and Betula verrucosa (white birch).
The results from the mesh scan over cells in cross section are shown in Figs. 6, 7 and 8. Fig. 6(a) is a map of diffraction patterns, combined according to the position where they were collected. As the bright regions showing a scattering signal exactly correspond to cell walls and the dark regions to lumina, the map readily provides a microscopic image of the cross section of one cell in the center and parts of adjacent cells, the pixel size being 2 Â 2 mm. In addition, each of the diffraction patterns provides information on the local ®bril orientation in the small volume hit by the beam. Fig. 3a) , here denoted by arrows.
shows two typical diffraction patterns at greater magni®cation. Note that in both the angular intensity distribution is asymmetric, but in different directions. The orientation of the asymmetric diffraction patterns was used to evaluate the local ®bril orientation. The intensity I(R, 1) was integrated over the radius R in a small region containing the 020 re¯ection spots (Fig. 7a) and plotted versus the azimuth 1. The resulting curve showed two pronounced peaks, the positions of which were separated by 2 (Fig. 7b) . The symmetry axis between the two peaks simply denotes 9 + 180
, where the angle 9 indicates the orientation a 9 of the ®bril in the plane perpendicular to the incident beam. The arrows in Fig. 6(b) correspond to a 9 . The length of the arrows is proportional to 90 À and thus indicates the extent of asymmetry, which is, for a given re¯ection and at ®xed wavelength, only dependent on the local micro®bril angle " [see equation (2)]. The mean angle determined from the diffraction patterns in this scan was in good agreement with a micro®bril angle of 20 as determined by SAXS.
Applying the above procedure to each of the single diffraction patterns, one obtains a map of local orientations which, in combination, represent a complete image of the trace of the cellulose ®brils around the cell (Fig. 8a) . Translation of the map into a three-dimensional model yields adjacent cells, the S2 layers of which consist of ®brils that are all wound in the same direction and trace a Z helix (Fig. 8b) . The same helical orientation was found in two other measurement series, each of them covering approximately the same number of cells as in the mesh scan presented here. One series was carried out on a different sample prepared from a different annual ring, but taken from the same tree. Invariably, all cells exhibited the same winding direction.
Conclusions
Our results demonstrate that the combination of a novel technique (synchrotron X-ray microdiffraction) with an unusual diffraction geometry makes it possible to visualize (for the ®rst time) the complete trace of cellulose spirals in an intact transverse section of adjacent wood cells. The new experimental concept is based on the combination of several important factors, as follows.
(a) The position resolution must be small enough to resolve the structure at the micrometre level; here, the single cell walls. This was achieved by the use of a microbeam from the synchrotron, of which the photon ux density, in spite of the tiny beam diameter, was high enough to obtain good counting statistics in a short time.
(b) The scanning facility must allow mesh scans with a pixel size comparable to the beam size; here, 2 Â 2 mm. This technique is most interesting because the map of diffraction patterns may serve already as a microscope image. It provides information on two length scales simultaneously: on the micrometre scale through the microscopic position resolution of the scan and on the nanometre scale through the diffraction patterns recorded at each point. As a consequence, there is no need to take an extra light microscopic image and correlate the diffraction pattern with the position. The correlation with an additional image is always uncertain and, thus, not really suitable for the investigation of hierarchical structures like wood. Fig. 7 . Evaluation of diffraction patterns. The intensity in the two-dimensional diffraction pattern (a) was integrated in the region between the two circles containing the 020 re¯ection and plotted versus 1 (b). The curve I(1) shows two sharp peaks, the maxima of which are separated by 2. The symmetry axis between the peaks denotes 9 + 180 .
(c) The wavelength must be chosen appropriately with regard to the ®bril angle in the wood sample to ensure clearly asymmetric scattering patterns. Note that an asymmetry arising from the curvature of the Ewald sphere may occur in every scattering experiment using an area detector, except at very small scattering angles. Here, just this effect is used for the determination of the local ®bril orientation in the irradiated sample volume.
This combination provides a powerful imaging tool that will be useful to address other questions concerning the nanostructure of the wood, like the local distribution of micro®bril angles within the different layers of a single wood cell wall. Furthermore, it will probably, with some adaptations, open up new possibilities for the investigation of other complex biological or biomimetic ®ber composites. 
